During the Eocene-Oligocene transition (EOT, ca. 34 Ma), Earth's climate cooled significantly from a greenhouse to an icehouse climate, while the calcite (CaCO 3 ) compensation depth (CCD) in the Pacifi c Ocean increased rapidly. Fluctuations in the CCD could result from various processes that create an imbalance between calcium (Ca) sources to, and sinks from, the ocean (e.g., weathering and CaCO 3 deposition), with different effects on the isotopic composition of dissolved Ca in the oceans due to differences in the Ca isotopic composition of various inputs and outputs. We used Ca isotope ratios (δ 
INTRODUCTION
Calcite (CaCO 3 ) sedimentation in the ocean represents the largest sink for calcium and carbon in the combined atmosphere-biosphereocean system, connecting the global carbon and Ca cycles (Milliman, 1993; Ridgwell and Zeebe, 2005) . Determining fl uctuations in the rate and locations of CaCO 3 sedimentation and their association with carbon cycle perturbations over climate transitions provides important information on the behavior of the coupled Ca-C biogeochemical system (e.g., Lyle et al., 2008) . However, reconstructing global changes in CaCO 3 sedimentation patterns during geologically rapid events is complicated, because preservation is not spatially homogeneous and the calcite compensation depth (CCD) is affected by local (as well as global) processes (van Andel, 1975; IglesiasRodriguez et al., 2002) .
In the equatorial Pacifi c, the CCD (the depth where rates of CaCO 3 dissolution and deposition are equal, below which CaCO 3 is not preserved in the sediment) increased by 1200-1500 m in <300 k.y., a unique event (e.g., van Andel, 1975; Coxall et al., 2005; Lyle et al., 2005) that occurred during the Eocene-Oligocene transition (EOT), the transition from a warm greenhouse to a cold icehouse world (Katz et al., 2008; Lear et al., 2008; Liu et al., 2009) .
Processes that result in deepening of the CCD (and carbonate accumulation in the deep sea) combined with changes in seawater δ 44/40 Ca include the following. (1) An increase in CaCO 3 saturation (and preservation) is caused by an imbalance between Ca input to the ocean and output as CaCO 3 sediments (Rea and Lyle, 2005) , and is accompanied by a decoupling of the Ca and carbon cycles. This requires an increase in the fl ux of Ca to the ocean relative to alkalinity (e.g., through increased weathering of carbonate rocks relative to silicate rocks; Heuser et al., 2005) , leading to an increase in Ca concentration in seawater, with a decrease in seawater δ 44/40 Ca (De La Rocha and DePaolo, 2000) . (2) An increase in silicate weathering rates (e.g., due to glaciation), reduces atmospheric CO 2 , increases alkalinity in the oceans, and deepens the CCD (Zachos et al., 1999; Ravizza and Peucker-Ehrenbrink, 2003; Zachos and Kump, 2005) . If changes occurred over a time period longer than the residence time of Ca in the oceans, and there was no net change in total marine carbonate sedimentation, seawater Ca concentrations would increase, with increasing seawater δ
44/40
Ca (Sime et al., 2007) . (3) If the CCD deepening was associated with a smaller globally averaged fractionation during carbonate sedimentation resulting from a shift from aragonite to calcite precipitation for a period of time longer than the oceanic Ca residence time, seawater δ
Ca would decrease to a new steady-state value (Sime et al., 2007; Fantle, 2010) .
Alternatively, a scenario of increased weathering and alkalinity input to the ocean could cause a deepening of the CCD without a change in seawater δ 44/40 Ca, if compensation occurred over a period shorter than the oceanic Ca residence time (Opdyke and Wilkinson, 1988; Kump and Arthur, 1997; Coxall et al., 2005; Tripati et al., 2005; Merico et al., 2008) . The δ
Ca values of bulk marine carbonates decreased by 0.6‰ close to the EOT, in agreement with scenario 1 (De La Rocha and DePaolo, 2000) . If the observed change of 0.6‰ represents seawater δ 44/40 Ca, it implies a 50% increase in Ca weathering relative to sedimentation fl ux (De La Rocha and DePaolo, 2000) , too large to reconcile with modeling results or mass balance calculations that account for increased carbonate burial associated with the observed changes in the CCD (Lyle et al., 2008; Merico et al., 2008) . The 0.6‰ shift may at least in part be due to changes in species-dependent isotopic fractionation caused by changes in calcifying plankton species, and may not represent seawater (see following discussion). The δ
Ca of marine (pelagic) barite is a reliable recorder of seawater δ 44/40 Ca (Griffi th et al., 2008a (Griffi th et al., , 2008b . Marine barite precipitates inorganically in seawater, with a constant offset (Ca isotopic fractionation) from dissolved Ca in seawater of −2.01‰ ± 0.15‰ (average 2σ mean ), unaffected by temperature (1-14 °C; Griffi th et al., 2008b) . Thus barite may record seawater δ
Ca more predictably than biogenic carbonates. We reconstructed the isotope ratio of Ca in seawater (from marine barite) and of its major sink (bulk CaCO 3 ) in order to evaluate these scenarios (see the GSA Data Repository via weathering, making assumptions regarding the isotopic composition of Ca sources and sinks (Skulan et al., 1997; Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000) .
METHODS
A relatively high resolution record of the δ
44/40
Ca of barite (representing seawater) and coeval bulk CaCO 3 (Ca sink) across the EOT was constructed using sediments collected by the Deep Sea Drilling Project and Ocean Drilling Program at Sites 574 and 1218 in the equatorial Pacifi c Ocean. Barite was extracted using a sequential leaching process (Paytan et al., 1993) and screened for purity using scanning electron microscopy with energy dispersive X-ray spectroscopy. Barite samples were prepared for Ca isotope analysis following methods in Griffi th et al. (2008b), and bulk carbonate samples were prepared following methods in Fantle and DePaolo (2005) . Ca isotopic compositions were determined by thermal ionization mass spectrometry using the double-spike technique, and reported in δ 
VARIATIONS IN CA ISOTOPE RATIOS DURING THE EOT
Between 36 and 32 Ma, the Ca isotope ratio in marine barite fl uctuated by 0.14‰ or less, within the average 2σ mean of the data. The Ca isotope ratio does not covary with changes in the CCD or in deep-sea benthic foraminiferal δ 18 O (Fig. 1) . The average seawater δ
44/40
Ca, calculated from measurements of all barite samples in Figure 1 , is −0.16‰ ± 0.14‰ (average 2σ mean ), relative to modern seawater (0.00‰) (inferred seawater values determined from measured barite δ 44/40 Ca + 2.01‰ to correct for the isotopic offset from seawater; Griffi th et al., 2008a Griffi th et al., , 2008b Ca due to the long residence time of Ca in the ocean relative to the mixing time (Zhu and Macdougall, 1998) .
Bulk carbonate Ca isotope data show a transient decrease of ~0.3‰ (more than twice the average 2σ mean of 0.11‰) beginning ca. 34.7 Ma, returning to preexcursion values by ca. 33.0 Ma (Fig. 1) . The timing of the decrease is well constrained and the magnitude of the decrease is smaller (0.3‰ rather than 0.6‰) and much shorter in duration than the value given in De La Rocha and DePaolo (2000) . The differences between these two bulk carbonate records (Fig. 1) Ca of CaCO 3 and pore waters, the equilibrium fractionation factor, and the high Ca concentration in carbonate and pore waters (Fantle and DePaolo, 2007) .
DISCUSSION
In order to constrain the possible processes controlling the Ca isotopic composition of seawater and carbonate sediments, we used the barite and carbonate data in a simplifi ed model of the marine Ca cycle, allowing us to defi ne both the seawater δ Ca sed that did not result in a measurable change in the global isotopic composition of seawater (i.e., greater than our analytical resolution of ~0.14‰). Temperature, dominant mineralogy, and species composition of nannofossil and foraminiferal assemblages may all affect biogenic carbonate fractionation (Skulan et al., 1997; Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000; Gussone et al., 2005 Gussone et al., , 2007 Heuser et al., 2005; Sime et al., 2005; Kasemann et al., 2008; Fantle, 2010) . Precipitation rate probably has little or no effect on biological fractionation of most marine carbonates (Gussone et al., 2007; Tang et al., 2008) , although this is debated (Fantle, 2010; Kisakürek et al., 2011) . Our carbonate δ
44/40
Ca values show no strong correlation with Sr/Ca, a potential tracer for kinetic precipitation Ca isotope effects in some biogenic carbonates and in inorganic calcite precipitates (Tang et al., 2008; Kisakürek et al., 2011;  for supplementary text, see the Data Repository).
Temperature at high latitudes may have decreased by as much as 5 °C during the EOT (Liu et al., 2009 ), but much less at equatorial Site 1218 (Coxall et al., 2005) and other low-latitude sites. A temperature change of 5 °C could result in a decrease in Δ 44/40 Ca sed of at most 0.1‰ (e.g., De La Rocha and DePaolo, 2000; , less than the ~0.3‰ observed. Nannofossil (Bown, 2005) and planktic foraminiferal (Berggren and Pearson, 2005) Ca sed (whether global or local) was small and short in duration. A global shift from dominant aragonite sedimentation (typically represented by shelf producers) toward calcite sedimentation (typically associated with pelagic producers) during the EOT (i.e., increasing the ratio of deep to shallow carbonate deposition; Opdyke and Wilkinson, 1988; Kump and Arthur, 1997) could have resulted in a global Δ
Ca sed increase of as much as 0.6‰ due to the differences in the Ca isotopic fractionation between calcite and aragonite producers (e.g., Gussone et al., 2005) . However, it would necessitate a change in seawater δ
Ca if it were of signifi cant duration, and would not be seen in our pelagic carbonate record unless it also affected seawater δ 44/40 Ca (i.e., captured in the barite record). Seawater δ
Ca is slow to respond to small changes in Ca fl uxes because of the large amount of Ca in seawater. For example, an increase in the weathering fl ux of shallow-marine carbonates (dominated by aragonite with low Ca isotope values) related to falling sea level requires an increase in seawater Ca concentration of >8% in 200 k.y. (if the residence time of Ca in the ocean prior to the event was 1.3 m.y.) in order to be detected in seawater δ 44/40 Ca (i.e., more than 0.2‰ or twice our analytical resolution). This scenario would result in a permanent shift in seawater δ
Ca if followed by a return to isotopic steady state, and such a change is not seen in our records (for modeling, see the Data Repository). A long-term increase in silicate weathering during the Oligocene is likewise not supported by our results, nor is a long-term change in the globally averaged fractionation associated with carbonate sedimentation. Our results support a scenario of increased alkalinity input (and weathering) to the oceans, most likely the result of Antarctic glaciation and falling sea levels. The alkalinity imbalance was quickly restored through shifting of shallow to deep-sea carbonate accumulation, ultimately causing the deepening of the CCD (Opdyke and Wilkinson, 1988; Kump and Arthur, 1997; Coxall et al., 2005; Tripati et al., 2005; Merico et al., 2008) .
A sequence of climatic and oceanographic conditions similar to that suggested for the EOT (but of lower intensity) occurred during the Middle Miocene (ca. 14 Ma; Diester-Haass et al., 2009), but was accompanied by a shift in seawater δ
Ca of ~0.3‰, and only minor changes in the CCD ( Fig. 2; Griffi th et al., 2008a) . The capacity of the marine Ca-C biogeochemical system to buffer changes in weathering without dramatically altering the seawater δ
Ca depends on the ability of biogenic carbonate formation and preservation to respond rapidly to such changes. During the EOT, the marine Ca input and outputs remained relatively balanced despite changes in the depositional environment and weathering regime. During the Middle Miocene, in contrast, the ratio between Ca weathering and deposition fl uxes changed dramatically, possibly because continental organic carbon sequestration increased, reducing the total ocean carbon pool. The carbon sequestration occurred through deposition of peat and/or lignite, as refl ected by a global positive carbon isotope excursion (Diester-Haass et al., 2009 ). The ratio of seawater carbonate ion to Ca concentration during the Middle Miocene might have been 1:100 compared to 1:200 during the EOT (Horita et al., 2002; Tyrrell and Zeebe, 2004) . Therefore the seawater Ca isotope ratio would have been more responsive to changes in weathering fl uxes and imbalances in the oceanic alkalinity budget, which ultimately control the CCD.
During the EOT, however, the oceanic Ca concentration was higher and the Ca residence time longer, so that the much smaller and shorter positive C isotope excursion can be attributed to an increase in riverine dissolved carbonate from erosion of newly exposed carbonate on the shelves (e.g., Merico et al., 2008) . Under these conditions the oceanic system could respond rapidly to associated changes in the C cycle (increase in alkalinity) by deepening the CCD in the equatorial Pacifi c Ocean, thus balancing the reduction in shallow-marine carbonate sedimentation without much effect on the Ca cycle. The comparison of these two events indicates that differences in the coupling of the Ca and carbon cycles and their relationship to climate change during the Middle Miocene and the EOT ultimately resulted from differences in seawater composition, forcing mechanisms, and the rate of response or feedbacks by carbonate burial and/or marine productivity. Reconstructing coeval variations in seawater Ca isotopic composition (from marine barite) and bulk carbonate (the major Ca sink) thus may shed light on the biogeochemical cycling of Ca at times different from the modern day, and their relation to climatic perturbations.
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